This paper presents a modeling scheme for objects containing multiple materials or functionally graded materials (FGM), i.e. heterogeneous objects. The material composition variations under this modeling scheme are controlled by some reference features termed as "grading sources". The "grading source" gathers the type of grading, position of grading and a material grading function for controlling the material transitions and a union operation is defined for interacting between different grading sources.
INTRODUCTION
Fabricating a functional prototype involving multiple materials using RP machines is one of the ultimate targets of CAD/CAM industry. A functional prototype usually consists of multiple materials or embedded components; i.e. it is materially heterogeneous. A term "heterogeneous object" (1) is defined for those objects with functionally graded materials (FGM) (2) and/or multiple material objects with clear material domains.
A current development of CAD modeling systems is to include local material composition control
(1) (3) (4) (5) within the systems. This is because there is an extensive variety of applications in engineering practice which require materials performance to vary with locations within the component. Traditional CAD systems are inadequate for handling such applications because they can only represent the geometry and topology of an object.
Heterogeneous objects pose new challenges in terms of CAD modeling and fabrication. To extend the capability of RP machines for producing heterogeneous objects, a CAD system with appropriate modeling scheme should first be developed so that users are able to design heterogeneous objects right at the onset. The objective of the present work is to introduce a new modeling scheme for heterogeneous solid modeling.
MODELING OF HETEROGENEOUS OBJECTS

Mathematical Model of a heterogeneous object
Starting from the Euclidean space E 3 , a bounded region A 3 in E 3 is defined for denoting the geometry of an object
where
where, M j = j-th element of the material composition array M n = number of primary materials For example, assuming there are four types of primary materials (n = 4) in M and M = (0,0.3,0.2,0.5) for a given point x, the material composition of x is 0% material 1, 30% material 2, 20% material 3 and 50% material 4.
In order to model a heterogeneous object with material grading, a material grading function is necessary to be defined. Material grading function f(d) is a function of distance from the geometric point to a reference datum which is also termed as "grading source". The grading source is the "origin of material grading" and assigns the grading information to a reference. The reference could be a fixed reference in the coordinate system of the model, such as a point, a line, or a plane. Figure 1 (a) material grading using a non-linear function (b) material grading using a linear function
In a material grading, the material composition of an object varies from one end composition to another. There are stored in two material composition arrays M s and M e . By relating the two end material composition arrays and the material grading function f(d), the material composition grading can be represented by the following equation. 
The use of the two complementary regions is to make sure that the material compositions of every point inside the object are defined. The material composition of each point in the heterogeneous object can be described by a material composition array and B is defined as the collection of those material arrays within a specific region according to equation (3) . 
An example is shown in Figure 3 . Figure 3 . Model of a heterogeneous object with a planar grading source For a given heterogeneous object H, a source list Gs is defined and those grading sources that are associated with this object are members of this list. Gs = {G i | G i is associated with the object H, i = 1 … n} (9) where, n is the total number of grading sources, and G i is the i-th grading source in the heterogeneous object. Therefore, a heterogeneous object H can be defined as H = (A 3 , Gs).
Intersecting Grading Sources
As shown in equation (4), a grading source can be used to define the material composition of the whole heterogeneous object. When two or more grading sources are present in the same object, intersection between grading regions occurs. Figure 4 shows a heterogeneous object with two grading sources G 1 and G 2 that have the materials changing from red to blue and red to green respectively. In this case, the gradings are not intersecting with each other. Since the two complementary regions are solely used to define the material composition of points which do not fall within the effective grading regions (i.e. f(d)<0 or f(d)>1), the effective grading region is defined as being always dominant over the complementary regions during intersection. In this way, different effective grading regions in different grading sources can therefore coexist within a heterogeneous object without interfering with each other.
For points which do not fall in both the effective grading regions of the two grading sources, the material compositions are defined according to the distances d 1 
G
denote the effective grading regions of grading source 1 and 2 respectively, the material composition of this intersecting region is summed up by an intersecting operator "⊗" according to user-defined weighting ratios.
where k i is the weighting ratio of the grading sources B i is the material distribution of the grading sources
The equation shows that domination and suppression of the grading sources can be done by controlling the weighting ratios of the grading sources. Moreover, for more complicated modeling, there may be more than just two grading sources within a heterogeneous model. Therefore, the denominator of the equation should be the sum of the weighting ratios with respect to the respective grading sources.
where, m = no. of effective grading regions associated to the material point and, 
where, B ij = volume fraction of j-th primary material in the i-th grading source n = number of materials For example, a cylinder with radius R and length h is shown in Figure 5 (a). The cylinder has two types of grading, one of which is a radial grading from the axis of the cylinder to the outer surface (materials changing from blue to red) and another is a planar grading from one face to another (materials changing from red to green) as shown in Figure 5 The total number of materials used in the model is three (n = 3), and two grading source G 1 and G 2 were established.
The grading source G 1 has the following data assigned: 1.) Grading type : Axial-type grading from blue to red as shown in Figure 6 The two different material grading sources were summed up using the operator "⊗" according to the weighting ratios k 1 and k 2 . The cylinder so obtained had material grading in two directions as shown in Figure  5 (b).
The above two examples (Figures 4 and 5) show some of the typical usage of the heterogeneous solid modeling scheme. The proposed modeling scheme helps to avoid a sharp change in material compositions of some dissimilar solids (e.g. a metal and ceramic). Thus, severe stress concentrations and thermal mismatch at material interfacial regions can be suppressed.
CONCLUSION
A modeling scheme for heterogeneous objects based on the concept of "grading source" is described in this paper. The material grading effects are governed by a reference feature and some other material parameters such as material composition arrays and composition functions as shown in the given example. By the use of the mathematical model derived before, heterogeneous objects with functional graded materials can be modeled in CAD systems.
The representation scheme and examples of using the proposed modeling scheme were implemented in the software platform of Unigraphics V16. By embedding the proposed representation scheme in a CAD system, heterogeneous objects can be modeled and eventually produced in a rapid prototyping (RP) system. 
